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Cell Cycle Control
by an Essential Bacterial Two-Component
Signal Transduction Protein
Kim C. Quon, Gregory T. Marczynski, and Lucy Shapiro normal promoter activity (Stephens and Shapiro, 1993;
Van Way et al., 1993; Zhuang and Shapiro, 1995). ADepartment of Developmental Biology
Beckman Center portion of this motif is also present and essential in the
ccrM and hemE Pstrong (Ps) promoters. Both ccrM andStanford University School of Medicine
Stanford, California 94305±5427 hemE Ps are strongly implicated in cell cycle control:
ccrM encodes an essential DNA methyltransferase
whose activity is cell cycle regulated (Zweiger et al.,
1994; Stephens et al., 1995; C. Stephens, A. Reisenauer,Summary
R. Wright, and L. S., submitted), while hemE Ps lies within
the origin of replication and acts as a key regulatoryDividing cells must coordinate cell cycle events to
element for the cell type±specific initiation of DNA repli-ensure genetic stability. Here we identify an essential
cation (Marczynski et al., 1995).two-component signal transduction protein that con-
That a class II promoter sequence motif is found introls multiple events in the Caulobacter cell cycle,
the ccrM and hemE Ps promoters suggests that theincluding cell division, stalk synthesis, and cell cycle±
proteins that initiate the flagellar transcriptional cascadespecific transcription. This protein, CtrA, is homolo-
also control additional cell cycle±dependent events.gous to response regulator transcription factors and
Such proteins are likely to be essential for cell viability.controls transcription from a group of cell cycle±
We report here one such protein, named CtrA (for cellregulated promoters critical for DNA replication, DNA
cycle transcriptional regulator). CtrA is a member ofmethylation, and flagellar biogenesis. CtrA activity in
the response regulator superfamily, a large group ofthe cell cycle is controlled both transcriptionally and
proteins that typically act as transcription factors in two-by phosphorylation. As purified CtrA binds an essential
component signaling systems. Two-component sys-DNA sequence motif found within its target promoters,
tems mediate a large number of bacterial adaptive re-we propose that CtrA acts in a phosphorelay signal
sponses (Parkinson and Kofoid, 1992) and have recentlytransduction system to control bacterial cell cycle
been recognized as important regulators of eukaryoticevents directly at the transcriptional level.
and archaeal signal transduction pathways (Swanson
et al., 1994; Rudolph and Oesterhelt, 1995). In the two-
Introduction
component system paradigm, a histidine kinase, upon
receiving an input signal, autophosphorylates at a con-
How cells coordinate the timing of events in their cell
served histidine residue and transfers its phosphate to
cycles is a fundamental biological problem that is poorly
an aspartate residue on its cognate response regulator
understood in prokaryotes. Caulobacter crescentus
to activate it for transcriptional activation or repression.
provides an accessible bacterial model system to ad-
Experiments presented here argue that CtrA acts di-
dress this problem, because progression through its cell
rectly at cell cycle±regulated promoters to control multi-
cycle is accompanied by a series of transitions that
ple cell cycle events. Given the demonstration that CtrA
produces morphologically distinct cell types: a flagel-
can bephosphorylated invivo and invitro, and the recent
lated swarmer cell, a nonmotile stalked cell, and a predi-
identification of other genes involved in Caulobacter cell
visional cell bearing both a flagellum and a stalk (de-
division and differentiation as members of the histidine
scribed in Figure 8). These transitions occur invariantly
kinase and response regulator gene families (Hecht et
during the cell cycle and are subject to cell cycle±
al., 1995; Ohta et al., 1992; Wang et al., 1993), we pro-
dependent checkpoints (Dingwall et al., 1992; Huguenel
pose a central role for phosphorelay-mediated signal
and Newton, 1982; Osley and Newton, 1977), suggesting
transduction pathways in bacterial cell cycle control.
that a single regulatory system may control both mor-
phological development and the cell cycle.
The best studied aspect of the morphological devel- Results
opment of Caulobacter has been the process of flagellar
biogenesis (reviewed by Brun et al., 1994; Gober and Isolation of the ctrA401 Cell Cycle Mutant
To find genes that control both the earliest steps in theMarques, 1995). Over 40 genes required for this process
have been identified, and the transcription of many of flagellar transcriptional cascade and events critical for
cell cycle progression, we isolated temperature-sensi-them has been shown to be temporally controlled. These
genes are organized in a regulatory hierarchy composed tive (ts) mutations that at the permissive temperature
disrupt functions essential for negative regulation of theof four levels or classes, with higher level genes ex-
pressed earlier in the cell cycle than lower level ones, class II flagellar fliQ promoter, and that at the restrictive
temperature disrupt functions essential for viability. Inand with genes in each level required for the expression
of the genes in the levels below. The highest level of this report, we describe one mutation, ctrA401, that
causes a 2.5- to 3.5-fold elevated rate of fliQ transcrip-genes identified thus far has been designated as class
II, because the class I designation has been reserved for tion at the permissive temperature (288C; Table 1, col-
umn 1) and that is lethal at 378C. Upon shifting to 378C,the hypothetical factors that initiate the transcriptional
cascade. Several class II promoterscontain a conserved the ctrA401 mutant strain LS2195 exhibits a defect incell
division (Figures 1A and 2B). The lack of constrictions onsequence motif that has been shown to be essential for
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Table 1. Transcription Rates of Promoter±lacZ Fusions in ctrA Mutantsa
Assay 1: Permissive Conditionsb Assay 2: Restrictive Conditionsc
Promoter±lacZ
LS2195 plus LS2195 plus
Gene/Promoter
Transcriptional Fusiond
LS2195 LS2196 pSAL14 LS2195 LS2196 pSAL14
Function (ctrA401) (PxylA::ctrA) (ctrA401/ctrA1) (ctrA401) (PxylA::ctrA) (ctrA401/ctrA1)
Class II flagellar fliQ plasmid 2.61 2.48 0.86 1.15 1.13 0.90
chromosomale 3.48 Ð 1.02 Ð Ð Ð
Class II flagellar fliL plasmid 1.30 1.40 0.80 0.27 0.26 0.80
chromosomale 2.31 Ð 0.98 Ð Ð Ð
DNA methyltransferase ccrM plasmid 0.75 1.07 0.94 0.03 0.12 0.85
Regulation of DNA replication hemE Ps plasmid 3.62 3.38 0.93 2.26 2.18 0.84
Controls
Xylose metabolism xylA plasmid 0.97f 1.03f Ð 0.96f Ð Ð
Surface array rsaA plasmid 1.08 0.96 Ð Ð 0.80 Ð
a Normalized to the transcription rate assayed in the isogenic wild-type strain under the same conditions. Wild-type controls used for LS2195
and LS2196 were NA1000 and LS2222, respectively. No differences in transcription were seen between NA1000 and LS2222.
b Transcription rates were measured as b-galactosidase activity in Miller units, normalized to activity in wild type. Value presented is the
average of at least two and in most cases four or more independent measurements. Standard errors were ,15%. Cells were grown either in
PYE at 288C (LS2195) or in PYE plus 0.003% xylose at 328C (LS2196).
c Transcription rates were measured as described in Experimental Procedures. The transcription rates for LS2195 were constant after the
temperature shift. Rates reported for LS2196 are at 225 min after removal of xylose. Cells were shifted from the permissive growth conditions
to 378C (LS2195) or to PYE plus 0.2% glucose (LS2196).
d Indicates promoter assayed and location of the promoter fusion (plasmid-borne or integrated by homologous recombination to create a
duplication in the chromosome).
e Strains used were rec-526 derivatives of LS2195. Values were normalized to b-galactosidase activity in rec-526 derivatives of NA1000.
Plasmid used for complementation was pKSAL2, a kanR derivative of pSAL14.
f Cells were grown in PYE plus 0.003% xylose to induce xylA transcription.
the undivided cells suggests that the cells fail to initiate 1966). This suggests that ctrA401 cells are defective in
the cell cycle±regulated initiation of stalk biogenesis,cell division. Because DNA replication continues at 378C
(determined by incorporation of [3H]dGTP; data not rather than in stalk synthesis per se. The 1.2 kb minimal
complementing region for the ts lethality, cell division,shown), this division arrest is unlikely to be a secondary
effect of blocking DNA replication. and transcription phenotypes also complemented the
stalkless phenotype (see Figure 1B). Because the TGA
stop codon of ctrA overlaps the HinfI site at the end ofThe Multiple Phenotypes of ctrA401 Mutants Are
this region, essentially no DNA downstream of ctrA isDue to Defects in a Single Gene Product
required for complementation of any of the observedTo show that a single defective gene causes all of the
phenotypes. Thus, all of the phenotypes observed mustobserved phenotypes of LS2195, we isolated cosmids
be due entirely to altered function of the CtrA proteinthat complemented the ts lethality phenotype. Because
itself, and not to polar effects on downstream genes.homologous recombination occurs at high efficiency in
Caulobacter, complementation in a rec1 background
indicates only that a region spanning the mutation is ctrA Encodes a Response Regulator
CtrA is homologous to the response regulator superfam-present, while complementation in a rec2 background
generally indicates the presence of the entire gene in ily of signal transduction proteins (Figure 3B). CtrA con-
tains each of the conserved amino acids that definewhich the mutation resides. Deletion and complementa-
tion analysis localized the gene to a 1.2 kb SalI±HinfI members of this superfamily, including the putative
phosphorylation site, Asp-51, and other residues thatregion (Figure 3A) and the ctrA401 mutation to a 216 bp
SacI±HinfI fragment. The 1.2 kb SalI±HinfI region also are conserved within the so-called acidic pocket active
site (Volz, 1993). CtrA belongs within the OmpR subfam-complemented the cell division phenotype (see Figure
1A) and the fliQ transcription phenotype (Table 1, col- ily. Escherichia coli OmpR possesses a C-terminal DNA-
binding domain (Tsung et al., 1989), and its activity asumn 3). DNA sequence analysis of this 1.2 kb region
revealed a single open reading frame flanked by a puta- both a transcriptional activator and repressor depends
on the phosphorylation of its N-terminal regulatory do-tive ribosome-binding site upstream and Rho-indepen-
dent transcriptional terminator downstream. Sequenc- main (Delgado et al., 1993; Rampersaud et al., 1994;
Russo and Silhavy, 1991). CtrA is similar to OmpR overing of the ctrA401 allele in the 216 bp region known to
contain the mutation confirmed the presence of a single its entire length: it is 33% identical in the N-terminal
regulatory domain (residues 1±118), 24% in the DNA-point mutation within the open reading frame.
In addition to showing altered transcription and cell binding domain (residues 119±231), and 29% identical
(with 54% similarity) overall. The mutation in the ctrA401division, ctrA401 mutants are unable to form stalks at
the permissive temperature (see Figure 1B). Mutant cells allele results in the alteration of a threonine residue (Thr-
170 to Ile) that is conserved as either a serine or threo-do form stalks, however, under conditions that cause
extensive stalk elongation, e.g., when starved for phos- nine in most OmpR subclass members (K. C. Q., unpub-
lished data).phate (Brun and Shapiro, 1992; Schmidt and Stanier,
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CtrA Can Be Phosphorylated In Vitro
and In Vivo
Because many response regulators can catalyze their
own phosphorylation in vitro with acetyl phosphate or
other small molecules as phosphodonors (Lukat et al.,
1992), the catalytic activity responsible for their phos-
phorylation is believed to reside in the response regula-
tors themselves rather than in their cognate histidine
autokinases (Stock et al., 1995). We purified a His6-
tagged CtrA fusion protein and showed that this fusion
could autophosphorylate in vitro in the presence of
[32P]acetyl phosphate (Figure 4A). The phosphate bond
was base labile but moderately acid stable, suggesting
that phosphorylation occurred at an acidic residue (Fuji-
taki and Smith, 1984; Martensen, 1984) such as Asp-51.
Immunoprecipitations of cell lysates from [32P]H3PO4-
labeled cells using anti-CtrA antibody produced a band
that comigrated with in vivo [35S]methionine-labeled
CtrA (Figure 4B), demonstrating that CtrA can be phos-
phorylated in vivo as well as in vitro.
To test whether phosphorylation is required for CtrA
activity, we changed the putative phosphorylation site,
Asp-51, to a glutamate residue by site-directed muta-
genesis. The resulting allele, ctrAD51E, could comple-
ment neither the ts lethality phenotype of the ctrA401
mutation in a rec2 background (see Figure 3A, plasmid
pCTD290), nor a ctrA deletion mutant (see Experimental
Procedures), suggesting that phosphorylation at Asp-51
is required for CtrA activity.
Transcription of ctrA Is Cell
Cycle Regulated
Transcription of ctrA through the cell cycle was mea-
sured by use of a chromosomal ctrA::lacZ transcrip-
tional fusion (Figure 5). Transcription was monitored by
pulse-labeling synchronized cells with [35S]methionine at
various times in the cell cycle and immunoprecipitating
radiolabeled b-galactosidase produced from the pro-
moter fusion. ctrA transcription was cell cycle regulated,
with peak activity coinciding with transcription from
class II flagellar promoters (measured byimmunoprecip-
itation of the class II FliF protein, data not shown),
but earlier than the synthesis of the class IV flagellinsFigure 1. ctrAMutants Are Defective in Cell Division and Cell Cycle±
(Figure 5).Specific Stalk Biogenesis
(A) Cell division, restrictive conditions. Photomicrographs of wild-
type and ctrA401 mutant cells grown under restrictive conditions.
Cells were grown in minimal media at 288C and shifted to the restric- ctrA Is an Essential Gene
tive temperature, 378C, for 8 hr, except for the PxylA::ctrA strain, The recessive ts lethality phenotype of the ctrA401 mu-
which was grown at 328C in PYE plus xylose (0.003%) and shifted tant suggested that the ctrA gene is essential for cell
to PYE plus glucose (0.2%) for 8 hr. Strains used: NA1000 (ctrA1);
viability. To prove this, we constructed a ctrA-null allele.LS2195 (ctrA401); LS2195 plus pSAL14 (ctrA401/ctrA1); LS2196
This allele, designated DctrA1::spec, replaces most of(PxylA::ctrA). Cells were fixed in methanol and photographed on a
the ctrA coding sequence with a spectinomycin±Zeiss Axiophot microscope with DIC (Nomarski) optics.
(B) Stalk synthesis, permissive conditions. Electron micrographs of streptomycin resistance gene cassette flanked by tran-
wild-type and ctrA401 cells grown at the permissive temperature scriptional and translational stop signals. Construction
(288C) in phosphate-buffered M2G minimal media or phosphate- of a strain carrying the DctrA1::spec allele on the chro-
free Tris-buffered minimal media. Cells were stained with 0.65%
mosome required the presence of an additional wild-uranyl acetate on formvar-coated copper grids and photographed
type copy of ctrA (see Experimental Procedures).on a Philips 300 electron microscope. Strains used were as in (A),
LS2196, a DctrA1::spec strain that carries wild-type ctrAexcept for the ctrA401/ctrA1 strain, which was LS2195 plus
pSAL290. under the control of the xylose-inducible xylA promoter
(A. Meisenzahl, L. S., and U. Jenal, unpublished data),
required exogenously added xylose for growth, both in
complex and minimal media (see Figure 2C). Like the
Cell
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Figure 2. ctrA Is an Essential Gene
(A) Conditional growth of the ctrA401 mutant.
Growth was assayed by single colony forma-
tion, serial culturing, or both, in both complex
and minimal media. The genotypes of the
strains are shown schematically.
(B) Plots of cell mass and viable cell number
versus time after shifting to the restrictive
temperature. Cells were grown in PYE media
to an OD660 of 0.05 at 288C before shifting
to 378C. Cell mass was measured by OD660;
viable cell number was measured as colony-
forming units (cfu) at the permissive temper-
ature.
(C and D) Same as (A) and (B), but using
LS2196 and the isogenic wild-type strain
LS2222, and shifting to xylose-free media to
repress transcription from the PxylA pro-
moter driving ctrA expression. Cells were
grown at 328C in PYE in the presence (permis-
sive condition) or absence (restrictive condi-
tion) of 0.003% xylose.
ctrA401 ts mutant, LS2196 showed a cell divisionpheno- isolated as a partial loss-of-function allele at the permis-
type (see Figures 1A and 2D) upon removal of xylose. sive temperature, these results suggest that CtrA nega-
The control strain LS2222 carrying the PxylA::ctrA fusion tively regulates the fliQ, fliL, and hemE Ps promoters.
but with a wild-type copy of ctrA did not require xylose Results obtained upon shifting the ctrA mutant strains
for growth (see Figure 2C) or division (data not shown), to restrictive conditions suggest that in addition to act-
demonstrating that ctrA is an essential gene. ing negatively to regulate transcription, wild-type ctrA
acts positively at each of the promoters tested. Upon
shifting the xylose-dependent PxylA::ctrA strain LS2196
to xylose-free medium, the hemE Ps, fliQ, and fliL pro-ctrA Regulates Multiple Cell
moters initially increased their rates of transcription, butCycle±Controlled Promoters
as CtrA became increasingly depleted with time, theseThe fliQ promoter contains a 9-mer sequence motif also
promoters, as well as the ccrM promoter, declined infound in a number of other cell cycle±regulated promot-
activity (Figure 6). Quantitatively similar results were ob-ers (see Figure 7A). These include the promoters of the
tained by shifting the ctrA401 mutant to 378C (see Tableclass II flagellar gene fliL (Stephens and Shapiro, 1993),
1; compare columns 4 and 5). The decreases in tran-the ccrM gene encoding an essential DNA methyltrans-
scription in the ctrA401 mutant could be complementedferase (Zweiger et al., 1994; Stephens et al., 1995; C.
by wild-type ctrA on a plasmid (see Table 1, column 6).Stephens et al., submitted), and the hemE Ps promoter
Although strong decreases in transcription from the fliQthat resides within the chromosomal origin of replication
and hemE Ps promoters do not occur in LS2196 untiland controls the cell type±specific initiation of DNA repli-
cells are beginning to lose viability (compare Figures 6cation (Marczynski et al., 1995). We thus tested these
and 2D), we do not believe that the loss of viabilitypromoters for genetic interactions with ctrA using pro-
causes the decreases, for the following reasons. First,moter fusions to a lacZ reporter gene.
the transcription rates shown are normalized to theUnder permissive conditions, assays performed in
growth rate, so that decreases in total cellular transcrip-both the ts and xylose-dependent ctrA mutant strains
tion are already accounted for; second, transcription(LS2195 and LS2196, respectively) suggest that CtrA
rates begin to decline while viability is unaffected andacts as a negative regulator of the fliQ, fliL, and hemE Ps
cells are still exponentially increasing in mass; third, thepromoters (see Table 1, columns 1 and 2). Transcription
quantitatively similar transcription rates in the ts ctrA401from promoter±lacZ fusions showed strong increases
strain declined immediately after the temperature shift,in each of the mutant backgrounds relative to the wild-
well before any effects on viability had occurred; andtype backgrounds for the fliQ and hemE Ps promoters
fourth, transcription of the controlpromoter rsaA is unaf-(2.5-fold), and a weaker but reproducible increase for
fected by the decline in viability.the fliL promoter (1.3- to 2.3-fold). These effects could
From these results, CtrA can clearly be seen to regu-be complemented by wild-type ctrA on a plasmid (see
late the fliQ, fliL, and hemE Ps promoters both negativelyTable 1, column 3). The control xylA and rsaA promoters,
and positively. Partial depletion of CtrA disrupts nega-which are transcribed constitutively throughout the cell
tive regulation, while further depletion disrupts positivecycle (Fisher et al., 1988; A. Meisenzahl, L. S., and U.
regulation, suggesting that the function of CtrA mayJenal, unpublished data), were relatively unaffected by
switch between positive and negative regulation as itsthe ctrA mutations, as was the ccrM promoter. Because
expression changes during the cell cycle. RepressionLS2196 produces reduced levels of CtrA even in the
of ccrM transcription was not detected; thus, we havepresence of xylose (as determined by immunoblotting;
data not shown), and because the ctrA401 allele was evidence only for positive regulation at this promoter.
Cell Cycle Control by a Bacterial Response Regulator
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Figure 4. CtrA Is Phosphorylated In Vitro and In Vivo
(A) In vitro phosphorylation of purified His6±CtrA by [32P]acetyl phos-
phate. Purified His6±CtrA was incubated with [32P]acetyl phosphate,
and the stability of the phosphorylated residue to acid and base was
determined. Products were analyzed on a 10% SDS±polyacrylamide
gel and Molecular Dynamics Phosphorimager.
(B) In vivo phosphorylation of CtrA. Radiolabeled cells (NA1000 plus
pSAL14) were lysed and immunoprecipitated with anti-CtrA anti-
body (lanes 1 and 3) or preimmune serum (lane 2). Labeling was
performed with 750 mCi of [32P]H3PO4, or as a control, with 25 mCi
of [35S]methionine. Immunoprecipitates were separated on a 12.5%
SDS±polyacrylamide gel.
region was flanked by protein-dependent DNase I±hyper-
sensitive sites. The protected region is centered approx-
imately at the conserved 9-mer sequence motif (consen-
sus TTAA-N7-TTAAC) that is also found in the fliL, ccrM,
and hemE Ps promoters (Figure 7A). The two 9-mer mo-
tifs in hemE Ps are also protected by the His6±CtrA fusion
Figure 3. The ctrA Gene Encodes a Response Regulator Protein
(A) Complementation of the ctrA401 ts lethality phenotype was de-
termined in rec1 and rec2 backgrounds. The arrow and stem±loop
structure indicate ctrA promoter(s) (I. Domian and K. C. Q., unpub-
lished data) and a putative transcriptional terminator, respectively.
The putative phosphorylation site is represented by the asp51 and
circled P. The Asp-51 to Glu mutation in pCTD290 is represented
by the glu51. The site of the Thr-170 to Ile mutation in the ctrA401
allele is also shown. Restriction sites are shown as follows: S, SalI;
B, BstBI; H, HinfI; X, XmnI; G, BglII; C, SacI; P, HpaI; E, EcoRI.
(B) Amino acid sequence comparison of CtrA to response regulator
proteins. The deduced CtrA amino acid sequence was aligned with
E. coli OmpR and Streptococcus pneumoniae CiaR (Guenzi et al.,
1994) with the GAP program in the University of Wisconsin Genetics
Computer Group package (Devereux et al., 1984). Vertical lines indi-
cate amino acid identity; colons indicate chemical similarity. Boxed
residues are the highly conservedsignature amino acids of response
regulators (Volz, 1993). The black box indicates the conserved
aspartate that is phosphorylated in OmpR and other response regu-
lators. Other residues whose side chains are predicted to lie in the
acidic pocket are underlined and shown in boldface. The circled T
(Thr-170) is the residue mutated to Ile in the ctrA401allele. Sequence
identities were 29% (54% similarity) and 35% (62% similarity) with
OmpR and CiaR, respectively.
CtrA Binds a Conserved DNA Sequence
Motif in the fliQ Promoter
To test whether the CtrA protein directly binds to its Figure 5. Transcription of ctrA Is Cell Cycle Controlled
genetically identified target promoters, we used thepuri- Cell cycle transcription of ctrA. Strain LS2221 carrying a ctrA::lacZ
fied His6±CtrA fusion protein to perform DNase I foot- transcriptional fusion integrated at the chromosomal ctrA locus was
synchronized and allowed to proceed through the cell cycle. Theprinting assays (Galas and Schmitz, 1978) on a region
rate of synthesis of b-galactosidase was monitored by pulse-label-of the fliQ promoter shown to be sufficient for full, tem-
ing cells with [35S]methionine for 5 min at the times indicated andporally regulated transcription (Zhuang and Shapiro,
immunoprecipitating with anti-b-galactosidase antibody. Labeled1995). Figure 7B shows that the purified His6±CtrA pro- b-galactosidase was resolved on a 10% SDS±polyacrylamide gel
tein specifically protected a single 28 bp region from (A) and quantitated with a Molecular Dynamics Phosphorimager (B).
approximately 218 to 245 bp relative to the transcrip- The same labeled cell extracts were immunoprecipitated with anti-
flagellin antibody as a control.tion start site on both strands, and that this protected
Cell
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Figure 6. CtrA Positively and Negatively Regulates Multiple Cell Cy-
cle±Controlled Promoters
Transcription rates of promoter±lacZ transcriptional fusions upon
depletion of CtrA from LS2196 (PxylA::ctrA) by removal of xylose.
The transcription rates are shown normalized to the steady-state
transcription rate in wild-type strain NA1000. Transcription rates
were determined as described in Experimental Procedures.
protein (G. T. M., unpublished data). In all cases, the 9-
mer has been shown by deletion analysis, site-directed
mutagenesis, or both to be essential for promoter activ-
ity (Marczynski et al., 1995; Stephens and Shapiro, 1993;
Stephens et al., 1995; Zhuang and Shapiro, 1995). Thus,
both in vivo and in vitro evidence suggests that CtrA
acts directly to regulate multiple cell cycle events tran-
scriptionally, including the initiation of the flagellar hier-
archy, the temporally controlled methylation of DNA,
and the initiation of DNA replication.
Discussion
Figure 7. CtrA Binds the fliQ Promoter at a Motif Common to Cell
Cycle±Regulated PromotersWe have identified a bacterial response regulator pro-
(A) Alignment of the fliQ promoter to the fliL, ccrM, and hemE Pstein, CtrA, that we propose to be a critical regulator of
promoters. The conserved 9-mer motif (Marczynski et al., 1995) isthe Caulobacter cell cycle. We base this proposal on
shown in boldface. The start site for each promoter is shown asthe following observations: first, that ctrA is an essential
an underlined nucleotide. Nucleotides shown to be essential for
gene, as expected for a global cell cycle regulator; sec- transcription of the fliQ promoter, the fliL promoter, or both (Zhuang
ond, that ctrA mutants are affected in aspects of at least and Shapiro, 1995; Stephens and Shapiro, 1993) are indicated by
five distinct cell cycle events; and third, that the CtrA asterisks.
(B) DNase I protection (footprinting) of the fliQ promoter by purifiedprotein acts directly at a conserved cis-acting DNA se-
His6±CtrA. The sequence of each protected strand is shown adjacentquence motif essential for each of the cell cycle±
to the autoradiogram, with boxes indicating the protected regiondependent events that has been studied in molecular
and exclamation marks indicating hypersensitive sites. Each strand
detail (flagellar biogenesis, DNA methylation, and DNA was labeled at a NotI site at 271 relative to the transcription start
replication). Taken together, these results strongly sug- site. The arrow indicates the transcription start site of fliQ, and the
gest that CtrA is an essential regulatory protein that conserved 9-mer motifs are shown in boldface and underlined or
overlined. Lanes 1, 5, 6, and 10 contain no added protein; lanes 2acts directly to control multiple cell cycle events at the
and 6, 3 and 7, and 4 and 8 contain 50, 25, and 12.5 mg/ml His6±CtrA,transcriptional level (summarized in Figure 8).
respectively.
What Signals Control CtrA?
A well-studied cell division event that may provide a
useful paradigm for how CtrA functions in cell cycle which are phosphorylated by a single kinase in response
to a single environmental cue, Spo0A is phosphorylatedcontrol is theasymmetric cell division that occurs during
sporulation in Bacillus subtilis (reviewed by Hoch, 1993). by a multicomponent phosphorelay system (Burbulys
et al., 1991) that integrates multiple signals, includingIn B. subtilis, the initiation of sporulation is largely con-
trolled by the phosphorylation state of a single protein, cell-intrinsic signals reflecting DNA damage, DNA repli-
cation, and chromosome segregation (Ireton and Gross-Spo0A, which, like CtrA, is a response regulator and
DNA-binding protein. Unlike most response regulators, man, 1992, 1994; Ireton et al., 1994).
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perhaps through CtrA itself. In addition, class II promot-
ers are subject to negative regulation by other class II
genes (Dingwall et al., 1992; Newton et al., 1989; Zhuang
and Shapiro, 1995). Since most class II flagellar genes
encode structural proteins that are unlikely to act di-
rectly as transcriptional regulators, they likely regulate
transcription indirectly via a mechanism that senses the
presence of an incomplete flagellar structure (Rama-
krishnan et al., 1994). Such a sensing mechanism has
been demonstrated to control flagellar gene expression
in Salmonella typhimurium (Hughes et al., 1993; Kutsu-
kake, 1994). Does the state of flagellar structural assem-
bly affect the state of CtrA? If it does, one might expect
that incomplete flagellar assembly would also affect
other CtrA-regulated processes. This is in fact observed:
many class II flagellar mutants show a nonlethal filamen-
tous morphology (Yu and Shapiro, 1992; Zhuang and
Shapiro, 1995), as if cell division were delayed in re-
sponse to the incomplete flagellar structure present in
these mutants. This filamentation can be suppressed
by providing ctrA on a multicopy plasmid (U. Jenal and
K. C. Q., unpublished data), suggesting that the state
of flagellar assembly is an input signal that regulates
CtrA.
Figure 8. A Model Showing the Role of CtrA in the Regulation of
the Cell Cycle and Development in Caulobacter
The cell cycle is shown schematically at the top, with oval or theta What Proteins Communicate These Signals?structures representing chromosomes. Key cell cycle and develop-
What are the molecules that might communicate themental events are shown in boxes that are aligned to show their
state of DNA replication, DNA damage, or flagellar as-timing in the cell cycle. Each cell division produces two distinct
progeny: a stalked cell and a flagellated swarmer cell. DNA replica- sembly to CtrA via phosphorylation? Two histidine ki-
tion initiates in progeny stalked cells, but is repressed in progeny nases, DivJ and PleC (Ohta et al., 1992; Wang et al.,
swarmer cells. Swarmer cells must first differentiate into stalked
1993), and a response regulator, DivK (Hecht et al.,cells before initiating replication. The cell then successively initiates
1995), involved in Caulobacter cell division and develop-flagellar biogenesis, cell division, andDNA methylation. On the basis
ment have recently been identified. These findings sug-of the evidence presented in this report, we propose that CtrA acts
directly on the cell cycle±regulated promoters of the indicated genes gest that like Spo0A, CtrA may be part of an extensive
to control multiple cell cycle and developmental events. Target pro- network of two-component regulators. The DivJ, DivK,
moters involved in the initiation of cell division and stalk synthesis and PleC proteins have been proposed to act in a signal
have yet to be identified, but are predicted to exist from the pheno-
transduction pathway in which the DivJ and PleC histi-typic analysis presented. A role for CtrA in positively regulating DNA
dine kinases phosphorylate DivK to control cell division,replication is speculative and is indicated by a dashed arrow. The
signals that might control CtrA activity are discussed in the text and stalk formation, and flagellar motility. However, neither
are represented by grey arrows. the input nor output signals for this signal transduction
pathway have been identified. Given their roles in cell
division and development, it is possible that these pro-
teins effect their functions through CtrA. Interestingly,
The requirement for the Asp-51 residue in CtrA for DivK is a single domain response regulator that lacks a
cell viability, the highly conserved nature and functional DNA-binding domain (Hecht et al., 1995). A similar type
importance of this residue among response regulators of protein, Spo0F, acts as a phosphorylated intermedi-
in general (Parkinson and Kofoid, 1992), and the in vivo ate in the multicomponent phosphorelay that phosphor-
and in vitro phosphorylation of CtrA demonstrated in ylates Spo0A (Burbulys et al., 1991), raising the possibil-
this report together strongly argue that CtrA activity is ity that DivK acts in a similar fashion to phosphorylate
regulated by phosphorylation at this site. What signals CtrA.
might control this phosphorylation? The observation
that CtrA acts as a regulator of multiple independent
events that occur at different times in the cell cycle How Does CtrA Control Cell Cycle Events?
suggests that, as in the case of Spo0A, CtrA phosphory- The identification of CtrA as a member of the response
lation may be influenced by multiple cell-intrinsic sig- regulator superfamily, the demonstration of its in vitro
nals. The ccrM promoter and several class II flagellar DNA-binding activity to a sequence motif essential for
promoters are sensitive to blocks in DNA replication transcription, and the altered expression of promoter±
(Dingwall et al., 1992; Stephens and Shapiro, 1993; lacZ fusions in ctrA mutant backgrounds, together
Stephens et al., 1995), and at least the fliQ promoter is strongly argue that CtrA acts as a DNA-binding protein
also sensitive to UV-irradiation (K. C. Q., unpublished and transcription factor. Transcriptionfactors areknown
data), demonstrating that signals reflecting DNA replica- to restrict the presence of critical protein products, such
as the budding yeast G1 cyclin proteins Cln1p andtion and DNA damage affect CtrA-regulated promoters,
Cell
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Cln2p, to discrete periods during the cell cycle (Koch events suggests that the CtrA signal transduction path-
way may be of similar importance in the control of theand Nasmyth, 1994). CtrA-mediated transcriptional reg-
ulation may similarly restrict the activity of the essential Caulobacter cell cycle. The identification and analysis
of the components of this pathway, some of which mayCcrM DNA methyltransferase protein to a period late in
the cell cycle (C. Stephens et al., submitted). In addition, already have been independently isolated and charac-
terized by Newton, Ely, and coworkers (Hecht et al.,it has been proposed that repression of DNA replication
in swarmer cells results from repression of hemE Ps 1995; Ohta et al., 1992; Wang et al., 1993), will undoubt-
edly provide insights into how bacteria integrate signalsspecifically in the pole of the predivisional cell destined
to control cell cycle events.to become the swarmer cell (Marczynski et al., 1995).
As we have demonstrated that CtrA can act genetically
Experimental Proceduresas a repressor of the hemE Ps promoter, CtrA may act
directly to repress swarmer cell DNA replication. Such
Bacterial Strains, Plasmids, and Media
a negative regulatory function would be consistent with Strains and plasmids used are listed in Table 2. Caulobacter was
the observation that DNA replication continues in the routinely grown in peptone±yeast extract (PYE, complex media) or
ctrA401 mutant at the restrictive temperature. At pres- M2G (minimal media) (Ely, 1991). Cells were starved for phosphate
by diluting PYE cultures 20-fold in Tris minimal media (identical toent, how CtrA might control cell division and stalk syn-
M2G, but buffered with 20 mM Tris±HCl [pH 7.0] instead of phos-thesis is unknown, because few genes involved in these
phate). PYE plus glucose (0.2%) and M2G were the xylose-freeprocesses have been cloned. We predict from the phe-
media used for repressing transcription from PxylA.notypic analysis of ctrA mutants, however, that key reg- Plasmids were mobilized from E. coli strain S17-1 into C. cres-
ulators of these processes will be found to contain CtrA- centus by bacterial conjugation (Ely, 1991). Plasmid pXPC15 was
binding sites in their promoters. constructed by fusing the promoterless ctrA gene (HinfI fragment)
to a 500 bp internal fragment of the xylA gene followed by transla-Phosphorylation of CtrA may be a key factor in the
tional stop codons in all three reading frames. The DctrA1::spectemporal control of transcription. By analogy to OmpR,
allele was constructed by cloning a spectinomycin±streptomycinphosphorylation may switch CtrA function between its
interposon (Fellay et al., 1987) between the BglII and HpaI sites in
activating and repressing forms. In E. coli, transcription ctrA. The deletion±insertion and flanking sequences of DNA were
of the ompF porin gene is modulated by the concentra- cloned as a NotI fragment into pDELI2 and mobilized into NA1000.
Double recombinants containing only the DctrA1::spec allele weretion of phosphorylated OmpR (OmpR-P): as osmolarity
obtained by selecting successively on20 mg/ml kanamycin (to selectincreases, phosphorylation of the OmpR response regu-
for plasmid integration) and then 3% sucrose (to force plasmidlator is enhanced, and OmpR-P binding switches from
excision by counterselection against the plasmid-encoded sucS
high affinity activation sites in the ompF promoter to marker), and then testing for retention of the DctrA1::spec allele.
multiple binding sites, including lower affinity ompF re- ctrA deletions were generated in the presence of complementing
pression sites (Rampersaud et al., 1994, and references plasmid pSAL290: 15 specR colonies were obtained out of 47 sucR
kanS colonies picked. In the absence of plasmid or in the presencetherein). Changes in the concentration of phosphory-
of the noncomplementing ctrAD51E allele on pCTD290, no ctrAlated CtrA (CtrA-P) during the cell cycle may similarly
deletions were obtained (0 of 504 and 0 of 40 specR/sucR kanS colo-modulate CtrA target promoter transcription, although
nies, respectively). LS2196 was generated by FCR30 transduction
distinct activation and repression sites within CtrA target (Ely, 1991) of the DctrA1::spec allele into LS2222.
promoters have yet to be demonstrated. hemE Ps, how-
Isolation of Mutantsever, does contain at least two consensus CtrA-binding
We initially hypothesized that the tightly regulated cell cycle tran-sites: one that overlaps the transcription start site, and
scription patterns of class II flagellar genes might be generated byanother that overlaps the 235 position (Figure 7A). The
both positive and negative regulation. We therefore designed a two-
position of the 11 site and mutagenesis of the 235 site step screen to find partial loss-of-function ts mutations that would
(Marczynski et al., 1995) suggest that the former may disrupt only functions required for transcriptional repression at the
be a negative regulatory site, and the latter an activation permissive temperature, but that would disrupt multiple functions,
including cell cycle±regulatory functions, at the restrictive tempera-site. His6±CtrA has been demonstrated to bind both of
ture. Repression-defective mutants were isolated by mutagenizingthese sites in vitro (G. T. M., unpublished data), sug-
strain LS1089 carrying a chromosomal fliQ::neo transcriptional fu-gesting that CtrA can act directly at this promoter as
sion and selecting for cells with increased resistance to kanamycin
both an activator and repressor. (200 or 250 mg/ml) at room temperature. Mutagenesis was per-
Interestingly, CtrA target promoters respond rapidly formed by treating 1 ml of an exponential culture with 16 ml of ethyl
when ctrA transcription (from a heterologous promoter) methanesulfonate (EMS) for 30 min to obtain a killing efficiency of
50% essentially as described by Rizzo et al. (1993). Approximatelyis repressed (Figure 6). This suggests that the cell cycle±
1000 colonies resistant to high kanamycin levels (representing aboutregulated transcription of wild-type ctrA (Figure 5) is at
5 3 108 mutagenized cells) were replica plated and screened for tsleast partially responsible for the temporal regulation of
lethality in the absence of antibiotic at 378C. The ctrA401 mutant
its target promoters. The intracellular concentration of LS1094 was one of six mutants isolated in this screen. The ctrA401
CtrA-P at any time during the cell cycle may thus depend mutant allele was cloned and moved into a wild-type (NA1000) ge-
both on the rate of ctrA transcription as well as the rate netic background to generate strain LS2195 used in this report.
of CtrA phosphorylation.
Complementation, Sequencing, and
Site-Directed MutagenesisConclusion and Future Prospects
Complementing cosmids were isolated by mobilization of a partiallyA key principle to emerge from studies in the budding
pooled cosmid library (Alley et al., 1991) into LS1094. Cosmids puri-and fission yeasts is that a simple eukaryotic cell cycle
fied by an alkaline lysis miniprep procedure (Sambrook et al., 1989)
can be largely controlled by the state of a single pro- from individual colonies that grew at 378C were retested for comple-
tein, the p34cdc2/CDC28 kinase (Nasmyth, 1993). The involve- mentation. DNA sequencing was performed with the Sequenase 2.0
DNA sequencing kit (United States Biochemical) as recommendedment of CtrA in the regulation of multiple cell cycle
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Table 2. Strains and Plasmids
Strain or Plasmid Description Source or Reference
Strain
Caulobacter crescentus
CB15 Wild type
NA1000 CB15 syn-1000; synchronizable wild-type derivative Evinger and Agabian (1977)
LS1089 NA1000 rec-526 fliQ::pSDAH1 This study
LS1094 NA1000 rec-526 fliQ::pSDAH1 ctrA401 This study
LS2195 NA1000 ctrA401 This study
LS2196 NA1000 xylA::pXPC15 DctrA1::spec This study
LS2222 NA1000 xylA::pXPC15 This study
LS2221 NA1000 ctrA::pBBAC1 This study
Escherichia coli
DH10B Cloning strain GIBCO BRL
S17-1 RP4-2, Tc::Mu Km::Tn7, for plasmid mobilization Simon et al. (1983)
Plasmid
General Purpose Vectors
pDAH301TII Suicide vector, gentR RP4 mob, colE1 replicon M. R. K. Alley, unpublished data
pACMZS lacZ transcriptional fusion suicide vector, chlorR specR RP4 mob, M. R. K. Alley, unpublished data
pACYC184 derivative
pBGST18 Suicide vector, kanR RP4 mob, pUC18 derivative M. R. K. Alley, unpublished data
pRK290-20R Broad hose range cloning vector, tetR, IncP-1 replicon, pRK290 J. Gober, unpublished data
derivative with plC20R polylinker Ditta et al. (1980)
pLAFR5 Cosmid vector, pRK290 derivative Keen et al. (1988)
pRKlac290 lacZ transcriptional fusion vector, pRK290 derivative Gober and Shapiro (1992)
pTCL12 Broad host range cloning vector, tetR, IncP-1 replicon M. R. K. Alley, unpublished data
pJS14 Broad host range cloning vector, chlorR pBBR1MCS derivative J. Skerker, unpublished data
with unique EcoRI site Kovach et al. (1994)
pKJS2 kanR derivative of pJS14 K. Q., unpublished data
pDELI2 Suicide vector, ampR kanR tetR sucS RP4 mob, pDELTA1 (GIBCO This study
BRL) derivative
pTrcHisA His tag expression vector Invitrogen
pKML3001 Broad host range IncP-1 cosmid vector carrying recA1 from Kokjohn and Miller (1987)
P. aeruginosa
Transcriptional fusions
pSDAH1 fliQ::neo in pDAH301TII This study
pXPC15 xylA::ctrA in pDAH301TII This study
pWZ162 fliQ::lacZ in pRKIac290 Zhuang and Shapiro (1995)
pSAC fliQ::lacZ in pACMZS This study
pCS44 fliL::lacZ in pRKIac290 Stephens and Shapiro (1993)
pLMAC fliL::lacZ in pACMZS This study
pCS148 ccrM::lacZ in pRKlac290 Stephens et al. (1995)
pGZ4 ccrM::lacZ in pBGST18 Zweiger et al. (1994)
pGM2011 hemEPs::lacZ in pRKIac290 Marczynski et al. (1995)
pCS91 rsaA::lacZ in pRKlac290 Stephens and Shapiro (1993)
pCS225 xyl:lacZ in pRKIac290 A. Meisenzahl et al., unpublished data
pBBAC1 ctrA::lacZ BamHI±BgIII fragment in pACMZS This study
Subclones of ctrA region
pKQ401.1 ctrA401 complementing pLAFR5 cosmid, z25 kb insert This study
pTES Scal±EcoRI fragment in pTCL12 This study
pTSAC Sacl fragment in pTCL12 This study
pTBB BamHI±BgIII fragment in pTCL12 This study
pE1 pKQ401.1 DEcoRI (deletes right of EcoRI site shown in Figure This study
3A)
pE1SS1 pE1, DScal±Sacl This study
pEIG pE1, DBgIII (deletes left of BgIII site shown in Figure 3A) This study
pHIN290 Large HinfI fragment in pRK290-20R This study
pSAL290 SaII-rightmost HinfI fragment in pRK290-20R This study
pCTD290 pSAL290 carrying ctrAD51E mutation This study
pSAL14 SaII-rightmost HinfI fragment in pJS14 This study
pKSAL2 SaII-rightmost HinfI fragment in pKJS2 This study
pTRC7.4 ctrA coding sequence in pTrcHisA This study
by the manufacturer. Site-directed mutagenesis was performed in b-galactosidase assay (Miller, 1972) in which cell mass was mea-
sured at 660 nm. In this assay, where B is b-galactosidase activity,vitro on a single-stranded template essentially as described by Deng
and Nickoloff (1992). The presence of the mutation was confirmed B 5 1000(OD420/OD660) (tv)21, where t and v are the time of the assay
and the volume of the culture assayed, respectively. In steady-by restriction analysis and DNA sequencing.
state growth, by definition, B is a constant and is thus equal to
1000(dOD420/dOD660) (tv)21 and is proportional to the transcriptionAssays of lacZ Transcriptional Fusions
Transcription rates from promoter±lacZ transcriptional fusions at rate normalized to thegrowth rate of the culture. To make the equiva-
lent measurement under nonsteady-state conditions (upon shift tothe permissive temperature (assay 1) were assayed with a modified
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restrictive conditions, assay 2), we measured OD420 and OD660 at of asymmetry during Caulobacter cell differentiation. Annu. Rev.
Biochem. 63, 419±450.various times after shifting, plotted OD660 versus OD420, and calcu-
lated B by using the slope dOD420/dOD660. For LS2195, the plots Burbulys, D., Trach, K.A., and Hoch, J.A. (1991). Initiation of sporula-
formed straight lines, and the slopes were calculated by linear least tion in B. subtilis is controlled by a multicomponent phosphorelay.
squares analysis on four or more data points obtained while cells Cell 64, 545±552.
were still exponentially increasing in mass and showing >90% viabil-
Delgado, J., Forst, S., Harlocker, S., and Inouye, M. (1993). Identifica-
ity (t < 4 hr). For LS2196, the curves were not straight lines. Slopes
tion of a phosphorylation site and functional analysis of conserved
at time t were therefore calculated by the formula (dy/dx)t 5 (Yi 2 aspartic acid residues of OmpR, a transcriptional activator for ompF
Yi21) / (Xi 2 Xi21), where y 5 OD420, x 5 OD660, and t 5 (Ti 1 Ti21) / 2, and ompC in Escherichia coli. Mol. Microbiol. 10, 1037±1047.
except for the slope at t 5 0, which was a steady-state measurement
Deng, W.P., and Nickoloff, J. (1992). Site-directed mutagenesis of(assay 1). Rates calculated from the graphs were normalized to rates
virtually any plasmid by eliminating a unique site. Anal. Biochem.similarly obtained in the isogenic wild-type strain to obtain a relative
200, 81±88.transcription rate.
Devereux, D., Haeberli, P., andSmithies, O. (1984). A comprehensiveTranscription rates in Figure 5 were determined by pulse-labeling
set of sequence analysis programs for the VAX. Nucl. Acids Res.1 ml aliquots of synchronized cells (Evinger and Agabian, 1977) for
12, 387±395.5 min with 15 mCi of TRAN35S-LABEL (ICN Radiochemicals) followed
by immunoprecipitation using anti-b-galactosidase antibody (59±39, Dingwall, A., Zhuang, W.Y., Quon, K., and Shapiro, L. (1992). Expres-
Incorporated), anti-flagellin, or anti-FliF (U. Jenal and L. S., submit- sion of an early gene in the flagellar regulatory hierarchy is sensitive
ted), essentially as described by Jenal et al. (1994). to an interruption in DNA replication. J. Bacteriol. 174, 1760±1768.
Ditta, G., Stanfield, D., Corbin, D., and Helinski, D.R. (1980). Broad
Protein Purification and Phosphorylation Assays host range cloning system for gram-negative bacteria: construction
A His6±CtrA fusion protein was overexpressed in E. coli strain BL21 of a gene bank for Rhizobium meliloti. Proc. Natl. Acad. Sci. 77,
(Novagen) from pTRC7.4, a pTrcHisA (Invitrogen) derivative. Protein 7347±7351.
purification was performed on a 2.0 ml nickel chelation resin column Ely, B. (1991). Genetics of Caulobacter crescentus. Meth. Enzymol.
(His-Bind, Novagen) in 6 M urea, followed by renaturation of the 204, 372±384.
protein, essentially as recommended by the manufacturer.
Evinger, M., and Agabian, N. (1977). Envelope-associated nucleoid[32P]acetyl phosphate was synthesized with 0.3 U of E. coli acetate
from Caulobacter crescentus stalked and swarmer cells. J. Bacte-kinase (Sigma) and 10 mCi of [g-32P]ATP (6000 Ci/mmol, DuPont±
riol. 132, 294±301.NEN) in 7.5 ml of AKP buffer (25 mM Tris±HCl [pH 7.4], 60 mM
Fellay, R., Frey, J., and Krisch, H. (1987). Interposon mutagenesisKOAc, 10 mM MgCl2; final pH, 7.6) for 20 min at room temperature.
of soil and water bacteria: a family of DNA fragments designed for[32P]acetyl phosphate was either purified away from acetate kinase
in vitro insertional mutagenesis of Gram-negative bacteria. Geneby filtration through a Microcon-10 microconcentrator (10,000 MW
52, 147±154.cut-off, Amicon) or left untreated before being added to purified
His6±CtrA (2.5 ml, 0±5 mg) for 15 min at 378C. Results were identical Fisher, J.A., Smit, J., and Agabian, N. (1988). Transcriptional analysis
with or without filtration (data not shown). Acid- or base-treated of the major surface array gene of Caulobacter crescentus. J. Bacte-
samples were denatured by addition of SDS to 1%, incubated with riol. 170, 4706±4713.
acid or base for 15 min at 378C, and neutralized before electropho- Fujitaki, J.M., and Smith, R.A. (1984). Techniques in the detection
resis. and characterization of phosphoramidate-containing proteins.
For in vivo phosphorylation experiments, strain NA1000 carrying Meth. Enzymol. 107, 23±36.
wild-type ctrA on multicopy plasmid pSAL14 was grown in 1.5 ml
Galas, D., and Schmitz, A. (1978). DNase footprinting: a simpleof Tris minimal media:M2G (25:1), washed, and resuspended in 1
method for the detection of protein±DNA binding specificity. Nucl.ml of Tris minimal media, labeled for 15 min at room temperature
Acids Res. 5, 3157±3170.with 750 mCi of [32P]H3PO4 (9000 Ci/mmol, DuPont-NEN), spun down,
Gober, J.W., and Marques, M.V. (1995). Regulation of cellular differ-lysed with 30 ml of prewarmed (428C) GTC lysis buffer (5 M guanidine
entiation in Caulobacter crescentus. Microbiol. Rev. 59, 31±47.thiocyanate, 100 mM EDTA, 50 mM Tris±HCl [pH 7.2]), diluted with
1.3 ml of K2 buffer (50 mM Tris±HCl [pH 7.4], 100 mM NaCl, 50 mM Gober, J.W., and Shapiro, L. (1992). A developmentally regulated
EDTA, 2% Triton X-100), and immunoprecipitated with anti-CtrA Caulobacter flagellar promoter is activated by 39 enhancer and IHF
antibody. Precipitates were washed three times in K2 wash buffer binding elements. Mol. Biol. Cell 3, 913±926.
(50 mM Tris±HCl [pH 7.4], 0.5 M NaCl, 50 mM EDTA, 1% Triton Guenzi, E., Gasc, A.M., Sicard, M.A., and Hakenbeck, R. (1994). A
X-100). two-component signal-transducing system is involved in compe-
tence and penicillin susceptibility in laboratory mutants of Strepto-
coccus pneumoniae. Mol. Microbiol. 12, 505±515.Acknowledgments
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